UV radiation from the sun activates both the membrane death receptor and the intrinsic or mitochondrial apoptotic signaling pathways in epidermal keratinocytes, triggering apoptosis and affording protection against skin cancer formation. We have investigated the involvement of caspase-9 in the UV death effector pathway in human keratinocytes, since this is the initiating caspase in the mitochondrial pathway required for UVinduced apoptosis in some, but not all, cell types. UV radiation triggered activation of caspase-3, caspase-9, and caspase-8 with similar kinetics, although the rank order of activation was caspase-3 > caspase-9 > caspase-8. Inhibition of caspase-9 with either the peptide inhibitor benzyloxycarbonyl-Leu-Glu(OCH 3 )-HisAsp(OCH 3 )-fluoromethyl ketone, or expression of a catalytically inactive caspase-9 by retroviral transduction, protected normal keratinocytes from UV-induced apoptosis. HaCaT keratinocytes harboring mutant p53 alleles were also protected from UV-induced apoptosis by the dominant negative caspase-9. The dominant negative caspase-9 blocked UV-induced activation of caspase-3, caspase-9, and caspase-8, and also protected cells from the loss of mitochondrial membrane potential. In contrast, the dominant negative caspase-9 did not protect from anti-Fas-induced apoptosis or caspase activation. These results identify caspase-9 as the critical upstream caspase initiating apoptosis by UV radiation in human keratinocytes, the relevant cell type for this important environmental carcinogen.
The induction of programmed cell death, or apoptosis, by UV radiation is an important protective mechanism from neoplastic transformation for the skin. UV radiation from the sun is the main environmental carcinogen responsible for the formation of basal and squamous cell carcinomas, the most common human cancer types (1) . Epidermal keratinocytes are efficiently protected from the mutagenic effect of UV by undergoing apoptosis; however, prior sun exposure, which causes mutations in the p53 tumor suppressor gene, or expression of antiapoptotic proteins such as Bcl-2, prevents apoptosis and leads to increase skin cancer incidence (2) (3) (4) (5) (6) (7) . Understanding the molecular and cellular regulation of UV-induced apoptosis is thus a major focus of skin carcinogenesis research.
UV radiation has multiple cellular targets that trigger different signaling cascades leading to apoptosis. UV radiation is a DNA-damaging agent that activates a p53-dependent apoptotic response (1, 5) . DNA-damaging agents, such as UV, activate the intrinsic death effector pathways that perturb mitochondrial structure and function, leading to the release of cytochrome c (8) . Cytosolic cytochrome c forms an apoptosome complex with APAF-1, dATP, and the initiator procaspase-9 to cause activation of caspase-9 and trigger subsequent effector caspase activation (9 -12) . The importance of this intrinsic pathway in UV-induced keratinocyte apoptosis has been supported by the ability of Bcl-2 family members or survivin to inhibit apoptosis induced by UV exposure and increased sensitivity to apoptosis by Bcl-x L antisense or in Bcl-2 null keratinocytes (2, 3, (13) (14) (15) (16) . UV also causes ligand-dependent and -independent clustering and activation of membrane death receptors such as Fas or tumor necrosis factor ␣ (17-23). The role of the death receptor pathway in UV apoptosis in keratinocytes has also been supported by irradiation of cells at 10°C to inhibit receptor clustering and by expressing a dominant negative FADD to prevent coupling of death receptors to initiator caspases such as caspase-8. Both of these approaches to block death receptor signaling provided partial protection from UVinduced apoptosis in keratinocytes (17, 18) .
The role of caspase-9 in UV-induced apoptosis is very cell type-dependent. Embryonic stem cells and fibroblasts require caspase-9 for UV apoptosis, whereas thymocytes and splenocytes lacking caspase-9 are still sensitive to UV (24) . Given this cell type specificity, it is critical to evaluate the role of caspase-9 in UV-induced apoptosis in relevant cell types. To this end, we have evaluated the role of caspase-9 in UV apoptotic signaling in human keratinocytes using peptide and dominant negative inhibitors of caspase-9. We have also assayed the activity of multiple caspase following UV exposure to better understand the relationships among different caspases in the caspase activation cascade. Our results indicate that caspase-9 activation is a major determinant of UV-induced keratinocyte apoptosis independent of p53 status and reveals potential positive feedback regulation between caspase-3 and caspase-8.
EXPERIMENTAL PROCEDURES
Antibodies and Chemicals-For Western detection and immunofluorescence staining of procaspase-9, rabbit polyclonal antibody 9502 (Cell Signaling, Beverly, MA) was used. For Western analysis of procaspase-9 processing, the cleavage-specific rabbit polyclonal antibody 9501S (Cell Signaling) was used. Protein kinase C␦ was detected with rabbit polyclonal antibody sc-937 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). For induction of apoptosis in keratinocytes via activation of Fas receptor, 5 g/ml of cyclohexamide (CHX 1 ; Sigma) and an anti-Fas IgM antibody at 100 ng/ml (CH11; Upstate Biotechnology, Inc., Lake Placid, NY) were used. For caspase assays, the fluorogenic substrate Ac-DEVD-AFC (for caspase-3), Ac-IETD-AFC (for caspase-8), and Ac-LEHD-AFC (for caspase-9) (Enzyme Systems Products, Livermore, CA) were prepared as 20 mM stock in Me 2 SO. Cell Culture and Treatments-Normal human epidermal keratinocytes were isolated from neonatal foreskin following routine circumcision, as previously described (25, 26) . After isolation, the cells were cultured in Medium 154 CF (Cascade Biologics, Inc., Portland, OR) containing 0.07 mM CaCl 2 , human keratinocyte growth supplement, and penicillin/streptomycin/amphotericin B (Medium 154) until they reached 40 -50% confluence. For expansion, the cells were trypsinized with 0.03% trypsin, 0.01% EDTA and plated in Medium 154. Each experiment was performed on the cells isolated from a single foreskin and were used at passages 1-2. The immortalized human keratinocyte cell line HaCaT, which has two mutant p53 alleles, was kindly provided by Dr. Norbert Fusening (German Cancer Research Center, Heidelberg, Germany) and was also grown in Medium 154 (27, 28) .
Keratinocytes were irradiated with a Panelite Unit (Ultralite Enterprises, Inc., Lawrenceville, GA) equipped with four UVB bulbs (FS36T12/UVB-VHO), which have the majority of their output in the UVB range (ϳ65%), with minor output in the UVA and UVC wavelengths (ϳ34 and 1%, respectively). The cells were exposed with the dish lids removed, with a 30 mJ/cm 2 dose requiring about 1 min of exposure. The UV dose was monitored with an International Light Inc. (Newburyport, MA) radiometer fitted with a UVB detector. For experiments with the caspase-9 peptide inhibitor, 10 M Z-LEHD-FMK (catalog no. FK-022; Enzyme System Products, Livermore, CA), was added to cells immediately after UV exposure.
For anti-Fas induction of apoptosis, the cells were pretreated with the protein synthesis inhibitor CHX at 5 g/ml for 2 h before anti-Fas antibody was added at 100 ng/ml to the medium. CHX pretreatment was necessary to get significant induction of apoptosis in keratinocytes (29, 30) .
Caspase Assays-Before making the protein extract, floating cells were collected and combined with cells growing on the dish and washed two times with cold phosphate-buffered saline. The cells were lysed in 2ϫ caspase lysis buffer: 25 mM HEPES-NaOH, pH 7.4, 10% sucrose, 0.1% CHAPS, 2 mM EDTA, 5 mM dithiothreitol. Cell lysates were spun for 3 min in a microcentrifuge, and a Bradford protein assay was performed on the supernatant. 50 g of total protein was mixed with 2ϫ caspase assay buffer: 25 mM HEPES-NaOH, pH 7.4, 5 mM DTT and a 100 M concentration of one of the following caspase fluorogenic substrates: Ac-DEVD-AFC (for caspase-3), Ac-IETD-AFC (for caspase-8), and Ac-LEHD-AFC (for caspase-9). After incubation at 37°C for 3 h, the fluorometric detection of cleaved AFC product was performed on a CytoFluor Multi-Well Plate Reader Series 4000 (PerSeptive Biosystems) using a 400-nm excitation filter and a 530-nm emission filter. For preparation of the AFC calibration curve, 80 M free AFC was diluted in the caspase assay buffer without substrate to give 1.6, 3.2, and 4.8 mol of free AFC, and fluorescence was measured on the fluorometer.
For the in vitro caspase-8 activation assays, 50 ng of caspase-3 (catalog no. 201-038-C005; Alexis Biochemicals, San Diego, CA), 50 g of total protein and 100 nM caspase-9 Z-LEHD-FMK peptide inhibitor were used.
Retrovirus Construction, Production, and Infection-The caspase-9 dominant negative (D/N) cDNA containing a mutation of Cys 287 to Ser, (C287S) cloned in EcoRI/XhoI sites of pMARX IVrPuro (31) was a gift from Dr. Yuri A. Lazebnik (Cold Spring Harbor, NY). For construction of the episomal retroviral expression vector containing the caspase-9 D/N cDNA, two primers (cgf, 5-AGCTCGGATCCACTAGTAACGGC-CGCC-3 containing a BamHI site (underlined), and cgf2, 5-ATAGT-TAGCGGCCGCATTAAGTTTAAACGGGCCCTC-3, containing a NotI site (underlined)) were used to amplify the cDNA, and the PCR product after restriction digestion and purification was cloned into the BamHI/ NotI sites of the retroviral vector LZRS-Linker (32) . After cloning, the insert was verified by sequencing, and the presence of the C287S mutation was confirmed.
For production of retrovirus, the LZRS-caspase-9 D/N DNA was transfected into the Phoenix-Ampho retroviral packaging cell line using calcium phosphate as described (30) . Packaging cells were selected and expanded in the presence of 1 g/ml puromycin, and virus was harvested from confluent dishes cultured for 24 -48 h at 32°C. For infection, keratinocytes were plated in six-well dishes at 10 5 /well, and the following day viral supernatant was added in the presence of 4 g/ml polybrene (hexadimethrine bromide; Sigma). The cells were infected by spinning the plates at 300 ϫ g for 1 h at 32°C, and the viral supernatants were replaced with fresh Medium 154. The day after infection, cells were washed two times with phosphate-buffered saline and fed with Medium 154. For the caspase assay, infected cells were expanded for 2 days by plating them in p60 dishes.
Immunofluorescence Staining-For immunofluorescence, cells were grown on glass coverslips, and 1 day after infection, they were washed with phosphate-buffered saline and fixed in Ϫ20°C acetone/methanol (1:1) for 10 min. The cells were stained with human caspase-9 primary antibody (9502; Cell Signaling) diluted in phosphate-buffered saline (1:250) with normal goat serum (1:20 dilution) for 1 h at room temperature, washed with FA buffer (Difco), and incubated with secondary fluorescein isothiocyanate-conjugated antibody at 1:40 dilution. Cells were washed in FA buffer and mounted in 40% polyvinyl alcohol (molecular weight 300 -70,000) in glycerol containing 100 mg/ml 1,4-diazabicyclo octane to reduce fading of the fluorescence. The cells were viewed with an Olympus AX80 fluorescence microscope.
Flow Cytometry-Apoptosis was routinely measured by determining DNA content of cells by propidium iodide staining and flow cytometry, as previously described (26) . Briefly, cells were trypsinized, fixed with ethanol, and stained with propidium iodide before being analyzed on a Coulter Epics XL-MCL flow cytometer. Cells with DNA content less than the G 1 amount of untreated cells were considered apoptotic.
Mitochondria membrane potential was measured by rhodamine 123 fluorescence (33) . Cells were trypsinized and incubated for 20 min in 1 ml of room temperature medium containing 5 M rhodamine 123. The cells were then washed and analyzed on a Coulter Epics XL-MCL flow cytometer for reduced rhodamine 123 fluorescence, indicating loss of mitochondrial membrane potential.
Western Blotting-The protein samples were loaded on 8.5 or 12.5% SDS-polyacrylamide gels and transferred to nitrocellulose membrane BA83 (Schleicher and Schuell). Protein bands were visualized with Ponceau S staining, and the membrane was blocked in 5% nonfat powdered milk in TBS (50 mM Tris, pH 7.5, 150 mM NaCl). The memthiothreitol; D/N, dominant negative; PKC␦, protein kinase C␦; AFC, amino-4-trifluoromethylcoumarin; Z-LEHD-FMK, benzyloxycarbonylLeu-Glu(OCH 3 )-His-Asp(OCH 3 )-fluoromethyl ketone.
FIG. 1. Kinetics of caspase activity after UV irradiation of human keratinocytes.
A, normal human keratinocytes were exposed to 30 mJ/cm 2 UV light, and caspase-specific activity was measured after the indicated period of time using fluorogenic peptide substrates selective for caspase-3, caspase-8, or caspase-9. For each time point, the background level of fluorescence for each substrate was subtracted. The average of three independent experiments is presented, with error bars indicating the S.D. value. B, protection from UV-induced apoptosis in normal keratinocytes by caspase-9 peptide inhibitor Z-LEHD-FMK. Cells were exposed to 30 mJ/cm 2 UV, and then 10 M Z-LEHD-FMK was added as indicated. After 18 h, the apoptotic cells were quantified by flow cytometric measurement of the sub-G 1 DNA content. The data presented are averaged from three independent experiments, with error bars denoting S.D. Note the significant (p Ͻ 0.0001) inhibition of UVinduced apoptosis by the caspase-9 inhibitor. brane was incubated with the primary antibody in 2.5% powdered milk in TBS, washed extensively with TBS, and then incubated with 1:1000 diluted secondary anti-rabbit or anti-mouse horseradish peroxidaselabeled antibody (Amersham Biosciences). The membrane was washed with TBS containing 0.05% Tween 20 for 1 h. Bands were visualized with ECL (Amersham Biosciences) according to the manufacturer's instructions.
RESULTS

UV Radiation Activates Multiple Caspases in
Human Keratinocytes-To determine the relative extent and kinetics of caspase activation in response to UV radiation, normal human keratinocytes were exposed to 30 mJ/cm 2 UV light, and the activities of caspase-3, -8, and -9 measured using specific fluorogenic substrates. Fig. 1A shows the kinetics of these caspase activities. The induction of all three caspases begins 6 -9 h after UV exposure. At 18 h after UV exposure, the activities of caspase-9, caspase-3, and caspase-8 were induced 4.8-, 21.7-, and 2.2-fold, respectively (Fig. 1A) . Caspase-3 was the only effector caspase assayed and was activated to the greatest extent. Between the two initiator caspases (caspase-9 and caspase-8), caspase-9 activity increased more, suggesting that the intrinsic pathway plays a predominant role in UV-induced apoptosis.
Inhibition of Caspase-9 Blocks UV-induced Apoptosis-To determine the role of caspase-9 in UV-induced apoptosis, we used two approaches to block its activity. One was the treatment of cells with the specific irreversible peptide inhibitor Z-LEHD-FMK; the other was expressing a dominant-negative form of caspase-9. Fig. 1B shows that in keratinocytes treated with the caspase-9 peptide inhibitor, UV-induced apoptosis was inhibited 66%, as measured by sub-G 1 DNA.
Using a caspase-9 D/N retrovirus, we were able infect normal keratinocytes and detect expression of the dominant negative form of the caspase-9 protein in the majority of cells by immunofluorescence microscopy ( Fig. 2A) . Protein expression was confirmed by Western blot with the major 47-kDa procaspase-9 band detected (Fig. 2B ). Higher molecular weight protein bands detected on the blot may represent aggregated caspase-9. Keratinocytes expressing the caspase-9 D/N appeared resistant to UV-induced cell death by morphology (Fig.  3A) and were 81% resistant to UV-induced apoptosis by sub-G 1 DNA content (Fig. 4, A and B) . Caspase-9 D/N-infected HaCaT cells, which have mutant p53 genes, show the same level of protection as normal keratinocytes (Figs. 3B and 4C) . These results indicate that caspase-9 activation is a required component of the UV death effector pathway in keratinocytes, independent of p53 status.
Inhibition of Caspase-9 Protects Cells from UV-induced Loss of Mitochondrial Membrane Potential-Mitochondrial membrane potential is one indicator of cells undergoing the terminal phase of UV-induced apoptosis and is dependent on caspase activity (32, 34) . We have used rhodamine 123 as a molecular probe to assay the mitochondrial membrane potential in keratinocytes expressing caspase-9 D/N and exposed to UV. As shown in Fig. 5 , normal keratinocytes and HaCaT cells are protected from losing mitochondrial membrane potential by caspase-9 D/N expression (p Ͻ 0.05 for both cell types). The protection was 77% for both normal keratinocytes and HaCaT cells.
Inhibition of Caspase 9 Blocks Activation of Multiple Caspases-To determine whether caspase-9 D/N expression was blocking the activation of caspases in cells following UV exposure, we assayed caspase activity in UV-irradiated keratinocytes infected with either Linker or caspase-9 D/N virus. The proteolytic activities of caspase-3, -8, and -9 were more than 87% inhibited in keratinocytes expressing caspase-9 D/N protein (Fig. 6A) , and the inhibition of each caspase was statistically significant (p Ͻ 0.01). Western blot analysis of caspase-9 D/N-infected keratinocytes showed that caspase-9 is cleaved following UV exposure (Fig. 6B) but not catalytically activated due to the C287S mutation (Fig. 6A) . Cleaved caspase-9 was also detected in the caspase-9 D/N-expressing cells, and cleavage was increased further by UV (Fig. 6B) . PKC␦ is a downstream substrate of caspase-3 (26, 35) and was not proteolytically processed in caspase-9 D/N-infected cells after UV irradiation (Fig. 6B, bottom panel) .
In Vitro Activation of Procaspase-8 by Recombinant Caspase-3-The caspase assays in Fig. 6A demonstrated inhibition of 
FIG. 4. Caspase-9 D/N expression protects keratinocytes from UV-induced apoptosis. A, normal human keratinocytes infected with either LZRS-Linker or LZRS-caspase-9 D/N virus were exposed to 30 mJ/cm
2 UV, and after 18 h cells were stained with propidium iodide before being analyzed on a flow cytometer. The DNA histograms show the percentage of apoptotic cell accumulation (Sub-G1 DNA). B, the bar graph shows data from four independent experiments performed on normal keratinocytes as described for A, which was normalized so that the percentage of UV-induced apoptosis was 100%. C, the bar graph shows data from three independent experiments performed on HaCaT cells as described for A. Error bars represent the S.D.
FIG. 5. Expression caspase-9 D/N protein protects keratinocyte from UV-induced loss of mitochondrial membrane potential.
A, normal human keratinocytes were untreated or infected with retroviruses and exposed to UV light as indicated. After 18 h, cells were stained with rhodamine 123, and mitochondrial membrane potential was assayed by flow cytometry. Cells with disrupted mitochondrial membrane show a decreased rhodamine 123 fluorescence. B, the bar graph shows data from three experiments on normal keratinocytes treated as described for A. C, the bar graph shows data from three experiments on HaCaT cells treated as described for A. Error bars denoting S.D. for both cell lines. Note the significant protection from loss of mitochondrial membrane potential by caspase-9 D/N in both cell types (p Ͻ 0.05).
UV-induced caspase-8 activity in caspase-9 D/N-infected cells. This was unexpected, since caspase-8 is an initiator caspase, and its activation is not reported to be dependent on caspase-9. One possible explanation of this data is that caspase-3 may be able to activate procaspase-8, and the caspase-9 D/N protein blocked processing and activation of procaspase-3, thereby preventing activation of procaspase-8. To explore this possibility, we tested whether recombinant, catalytically active caspase-3 can activate procaspase-8 in vitro and whether this procaspase-8 activation can be blocked by caspase-9 inhibitors. As shown in Fig. 7 , the addition of recombinant caspase-3 to normal protein extracts and to protein extracts from caspase-9 D/N-expressing keratinocytes activated caspase-8 2.8-and 2.3-fold, respectively. The presence of specific caspase-9 peptide inhibitor Z-LEHD-FMK or caspase-9 D/N protein in the assay did not affect the procaspase-8 activation by caspase-3. These results demonstrate that caspase-3 can directly or indirectly activate caspase-8 independent of caspase-9. These results also validate the specificity of our caspase assays, since no caspase-8 activity was detected in the recombinant caspase-3 preparation, and the peptide caspase-9 inhibitor (Z-LEHD-FMK) did not reduce the activity of caspase-8 (Ac-IETD-AFC cleavage).
Inhibition of Caspase-9 Does Not Block Anti-Fas-induced Apoptosis-To determine whether caspase-9 D/N virus can protect from apoptosis induced by death receptor stimulation (30), we used CHX plus an anti-Fas antibody (CH11) to induce apoptosis. Morphological examination of the cells expressing caspase-9 D/N protein and stimulated with anti-Fas showed no protection from apoptosis (data not shown). The level of apoptosis was also assayed by DNA staining and flow cytometry. As shown in Fig. 8A , although caspase-9 D/N protected keratinocytes from UV-induced apoptosis (81% inhibition), cells were not protected from anti-Fas-induced apoptosis by the caspase-9 D/N protein. We also measured the specific activities of caspases in this experiment. Treatment of keratinocytes with CHX and anti-Fas antibody caused 6.1-fold induction of caspase-3, 1.1-fold induction of caspase-8, and no induction of caspase-9 activity (Fig. 8B) . All three caspase activities were unaffected by the presence of caspase-9 D/N for anti-Fas-induced apoptosis, in contrast to UV-induced apoptosis, where they were all inhibited (Figs. 6A and 8B) . Thus, the caspase-9 D/N protein does not block anti-Fas-induced apoptosis or caspase activation. DISCUSSION We undertook this study to determine the involvement of caspase-9 activation in apoptosis induced by UV in human epidermal keratinocytes. UV initiates two major proapoptotic signaling pathways involving either death receptor activation, which couple to the activation of initiator caspases such as caspase-8, or DNA damage/cell stress, which activates the initiator caspase-9 via the intrinsic or mitochondrial pathway (36, 37) . Due to the selectivity for the initiator caspase-9 and caspase-8 activation by either the mitochondrial or death receptor apoptotic pathway, respectively (38), we analyzed caspase activation during UV-induced apoptosis in human keratinocytes.
The activities of caspase-3, caspase-8, and caspase-9 were all induced with similar kinetics following UV irradiation, with significant increases in activity detected 6 -9 h after exposure (Fig. 1A) . Caspase-3 was activated by far the greatest, and we attribute its large activation to its being an effector caspase at the end of a caspase cascade that amplifies the proteolytic activation of caspases. Caspase-8 consistently had the highest basal activity; however, caspase-9 was activated more than caspase-8 by UV radiation, suggesting a stronger upstream signal for caspase-9 activation. It is unclear why there is a delay of up to 6 h before caspase activation, but this delay is consistent with a series of events, such as gene transcription or apoptosome complex formation, occurring prior to activation of the caspase cascade. The delayed onset of caspase activation may also reflect the relatively slow zymogen activation of procaspase-9 relative to procaspase-8 (39) . Taken together, the delayed activation of caspases and the greater activation of caspase-9 relative to caspase-8 suggest that UV primarily signaling through the intrinsic pathway rather than the death receptor pathway.
The dramatic inhibition of UV-induced apoptosis by both the Z-LEHD-FMK peptide caspase-9 inhibitor (Fig. 1B) and the caspase-9 D/N (Figs. 3, 4 , and 8A) strongly suggest that caspase-9 is the dominant upstream caspase in UV keratinocyte apoptosis. The caspase-9 D/N virus afforded Ͼ80% protection from UV-induced apoptosis (Figs. 4, B and C, and 8A) but did not protect from anti-Fas apoptosis (Fig. 8A) , demonstrating high efficacy and specificity. Transient transfection of a dominant negative FADD into keratinocytes to preferentially block the death receptor signaling resulted in only modest (30 -40%) protection from UV-induced apoptosis (17) . The caspase-9 D/N blocked many UV-induced apoptotic endpoints, including morphological cell death (Fig. 3) , sub-G 1 DNA (Figs.  4 and 8A) , loss of mitochondrial membrane potential (Fig. 5) , caspase activation (Fig. 6A) , and cleavage of death substrates (Fig. 6B) . None of the endpoints measured were blocked during anti-Fas-induced apoptosis (Fig. 8) . The ability of the caspase-9 D/N to block UV apoptosis in HaCaT cells indicates that this pathway is p53-independent, at least in cell culture. This is relevant to skin photocarcinogenesis, where many premalignant lesions have mutant p53 and are thought to be relatively resistant to UV apoptosis.
While UV radiation triggered activation of caspase-3, -9, and -8, the expression of caspase-9 D/N protein led to almost complete inhibition of all three caspase activities induced by UV, consistent with data from cell-free extracts demonstrating caspase-9-dependent activation of multiple caspases (Fig. 6A) (40) . Western blot analysis of protein used in the caspase assay with an antibody specific for cleaved caspase-9 revealed the cleavage of procaspase-9 after UV in Linker virus-infected cells and in both unexposed and UV-exposed caspase-9 D/N-expressing cells (Fig. 6B) . Despite the cleavage of procaspase-9 detected in all LZRS-C9 D/N virus-infected keratinocytes, caspase-9 activity was not observed, verifying the catalytic inactivity of the C287S mutant caspase-9 (Fig. 6A) .
We demonstrated that caspase-9 D/N was selective for the intrinsic death effector pathway by its inability to block apoptosis induced by CHX/anti-Fas (Fig. 8A) . The inability of caspase-9 D/N to block anti-Fas-induced apoptosis was not due to inhibition of caspase-9 D/N protein synthesis by CHX, since CHX did not reduce the levels of caspase-9 D/N protein significantly over the course of these experiments (data not shown). Although CHX/anti-Fas treatment induced caspase-3 activation, which was not blocked by caspase-9 D/N expression, we did not detect activation of either caspase-8 or caspase-9 (Fig.  8B) . The lack of caspase-8 activation is surprising, since Fas is coupled to caspase-8 via the adaptor protein FADD (41) . Thus, the mechanism of caspase-3 activation following anti-Fas treatment in our system is unclear, but it may involve activation of other potential initiator caspases such as caspase-10, which contains two death effector domains homologous to those found in caspase-8 and could potentially substitute for caspase-8 (42) .
As shown in Fig. 6A , expression of caspase-9 D/N also blocked the induction of caspase-8 activity by UV. This was unexpected, since the caspase-9 D/N should not interfere with caspase-8 activation via death receptors and did not prevent anti-Fas-induced apoptosis (Fig. 8A) . One possible explanation is that the caspase-8 activation seen following UV exposure is not due to death receptor activation but results from activation of other caspases that are dependent on caspase-9, such as caspase-3. To explore this possibility, we determined whether procaspase-8 could be activated by recombinant catalytically active caspase-3 in vitro (Fig. 7) . Activation of caspase-8 activity by recombinant caspase-3 in vitro was 2-3-fold in our experiments and was not blocked by the caspase-9 peptide inhibitor or in lysates from caspase-9 D/N-expressing cells. Theoretically, caspase-8 (isoform A) has a potential caspase-3 cleavage site at position DEAD 398 2, and cleavage at this site would generate fragments in good agreement with the sizes of known caspase-8 cleaved products (18 and 43 kDa) (43) . The data in Fig. 7 also validate the specificity of our caspase assays, since no caspase-8 activity (Ac-IEDT-AFC cleavage) was detected in the recombinant caspase-3-alone assay (second bar), FIG. 8 . Caspase-9 D/N expression in normal keratinocytes does not block anti-Fas-induced apoptosis or caspase activation. A, normal keratinocytes were infected either with LZRS-Linker or LZRS-caspase-9 D/N virus, untreated or treated with 5 g/ml cyclohexamide for 2 h, and then exposed to 100 g/ml anti-Fas or exposed to 30 mJ/cm 2 UV. After 18 h, the extent of apoptosis was evaluated by measuring sub-G 1 DNA content by flow cytometry. Note that caspase-9 D/N expression blocked UV-induced apoptosis but did not block anti-Fas-induced apoptosis. Error bars indicate S.D. from three experiments, each done in triplicate. B, keratinocytes were infected with viruses and treated as described for A, and caspase activities were measured 18 h after apoptosis induction. Note that caspase-3, -8, and -9 activities were unaffected by the expression of caspase-9 D/N protein for anti-Fas induced apoptosis, but all were inhibited in UV-induced apoptosis. The data presented are the average from two experiments, each done in triplicate. Error bars denote S.D. and the caspase-9 inhibitory peptide Z-LEHD-FMK did not inhibit caspase-8 activity.
In some cells, cross-talk exists between the death receptor and mitochondrial apoptotic pathways. For example, cleavage of BID by caspase-8 can promote cytochrome c release (44) , and mitochondria are required for amplification of caspase-8-initiated apoptosis (45) . In keratinocytes, death receptor to mitochondria cross-talk may not be functional, since Bcl-2 and Bcl-x L do not prevent TRAIL-induced apoptosis (46) and our caspase-9 dominant negative did not block anti-Fas apoptosis (Fig. 8) .
By integrating the available data, we propose the UV apoptotic signaling pathway outlined in Fig. 9 . UV radiation activates primarily the mitochondrial or intrinsic apoptotic pathway, resulting in activation of procaspase-9, whereas activation of procaspase-8 via death receptors is a relatively minor pathway. The procaspase-9 activation may be mediated by apoptosome complex formation, since cytochrome c release is an early, caspase-independent event in UV apoptotic signaling (47) . Once activated, the initiator caspases cleave and activate effector caspases, such as procaspase-3, which cleave a large number of death substrates, including PKC␦. As shown in Fig.  7 , active caspase-3 may also be able to directly or indirectly activate caspase-8. The proteolytic activation of PKC␦ is involved in triggering loss of mitochondrial membrane potential and apoptosis in keratinocytes (8, 26) , and the data in Fig. 6B indicate that PKC␦ cleavage also requires caspase-9 activation. In summary, these studies establish that procaspase-9 activation is required for the activation of other caspases by UV radiation and thus has a role in triggering caspase-dependent apoptotic events, such as loss of mitochondrial membrane potential and DNA fragmentation in human keratinocytes. Furthermore, caspase-9 is a major determinant of UV-induced apoptosis in keratinocytes with mutant p53 and thus may have potential as a therapeutic target for triggering apoptosis in premalignant actinic keratosis that harbor mutant p53. FIG. 9 . Proposed signaling pathway for UV-induced apoptosis in human keratinocytes. UV radiation activates predominantly the intrinsic apoptotic pathway, resulting in activation of procaspase-9. Caspase-9 initiates a caspase activation cascade, leading to proteolytic procaspase-3 activation, which in turn can directly or indirectly activate procaspase-8. Caspase-3 activation leads to cleavage of multiple death substrates, such as PKC␦, which disrupt mitochondrial membrane potential (⌬ M ) and execute apoptosis.
